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Abstract
The intimate association between the Golgi complex and the microtubule cytoskeleton plays an important role in Golgi
structure and function. Recent evidence indicates that the dynamic flow of material from the ER to the Golgi is crucial to
maintaining the integrity of the Golgi complex and its characteristic location within the cell, and it is now clear that this flow
is dependent on the ongoing activity of microtubule motor proteins. This review focuses primarily on recent microinjection
and expression studies which have explored the role of individual microtubule motor proteins in controlling Golgi dynamics.
The collective evidence shows that one or more isoforms of cytoplasmic dynein, together with its cofactor the dynactin
complex, are required to maintain a juxtanuclear Golgi complex in fibroblasts. Although questions remain about how dynein
and dynactin are linked to the Golgi, there is evidence that the Golgi-spectrin lattice is involved. Kinesin and kinesin-like
proteins appear to play a smaller role in Golgi dynamics, though this may be very cell-type specific. Moreover, new evidence
about the role of kinesin family members continues to emerge. Thanks in part to recent advances in our understanding of
these molecular motors, our current view of the Golgi complex is of an organelle in flux, undergoing constant renewal.
Future research will be aimed at elucidating how and to what extent these motor proteins function as regulators of Golgi
function. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Microtubules and the Golgi complex: intimate
associates
The association between the Golgi complex and
the microtubule cytoskeleton was ¢rst recognized
over 30 years ago. In the 1950s, cell biologists using
the newly developed technique of electron micros-
copy quickly discovered that the Golgi complex is
a feature of all eukaryotic cells, and that in most
animal cells, the Golgi is located near the nucleus.
In the mid-1960s, when glutaraldehyde came into
common use as a ¢xative, microtubules were found
to radiate out from an ‘organizing center’ in the
same region of the cell. This region, which became
known as the ‘cell center’ was shown to be devoid of
most other organelles, including ribosomes, mito-
chondria, and endoplasmic reticulum, further high-
lighting the unique association between the Golgi
and the microtubule organizing center (MTOC).
Though there are exceptions to this rule, the Golgi
in most cell types is closely linked to the MTOC.
Indeed, the MTOC and the Golgi co-localize even
under conditions where cellular architecture is under-
going major remodeling. This occurs, for example,
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when ¢broblasts prepare to migrate into a wound
site [1], when T-cells polarize toward an antigen pre-
senting cell [2], or during the fusion of myoblasts to
form myotubes [3].
From the very beginning, it was obvious that the
interaction between microtubules and the Golgi com-
plex was more than coincidence. Evidence that mi-
crotubules play an active role in maintaining Golgi
structure came originally from studies using drugs
such as colchicine, vinblastine, and nocodazole that
favor microtubule disassembly. These drugs fragment
the Golgi complex, generating shortened, often di-
lated stacks scattered throughout the cell. This ob-
servation was made initially in the 1960s by Robbins
and Gonatas [4], and by the mid-1980s, similar ob-
servations had been made in a variety of cell types by
several groups, most notably that of Thyberg, Mos-
kalewski and coworkers. Indeed, a 1985 review on
the topic lists 32 publications showing disruption of
the Golgi complex as a result of microtubule-disrup-
tive drugs [5].
Remarkably, it was discovered that the Golgi does
not need to be either intact or juxtanuclear to carry
out most of its functions. The short stacks formed in
the presence of microtubule-depolymerizing agents
appear to function normally in glycosylating transit-
ing proteins and delivering them to the cell surface
[6,7]. In this regard, the scattered stacks resemble the
normal state of a¡airs in plant cells and fungi, where
Golgi function occurs without centralization. It ap-
pears that the central Golgi complex in animal cells
is not important for protein transport and glycosyla-
tion per se, but rather for coordinating directed or-
ganelle tra⁄c. At least in some cases, delivery of
proteins to post-Golgi targets is facilitated and di-
rected by the microtubule sca¡old. For example,
although microtubules are not required for delivery
of constitutive transport vesicles from the Golgi to
the cell surface, transport to lysosomes is substan-
tially delayed by the depolymerization of microtu-
bules [8]. Similarly, microtubules are required to fa-
cilitate the rapid movement of large regulated
secretory granules, and are largely responsible for
delivering TGN-derived vesicles to the appropriate
cell surface in polarized epithelial cells (reviewed in
[9]). The maintenance of a centralized Golgi complex
in animal cells may be required for (or arise as a
biproduct of) these types of directional transport.
Despite the numerous systems in which Golgi frag-
mentation was found to occur as a result of micro-
tubule depolymerization, the mechanism underlying
this phenomenon has been puzzling. One popular
model was that tubular interconnections between in-
dividual stacks of £attened cisternae (dictyosomes)
were severed [3]. Another was that lateral connec-
tions were simply unfolded and extended, allowing
Golgi dispersal without disrupting the continuity of
the Golgi complex [10]. Neither of these hypotheses
could account for the fact that the scattered Golgi
stacks were often shorter than normal, with fewer
cisternae, and neither could o¡er any mechanism
by which these elements could be dispersed through
the cell, given the low di¡usion rates in cytoplasm
[11]. To further complicate the issue, a mechanistic
investigation by Turner and Tartako¡ showed that
Golgi fragmentation and dispersal occur subsequent
to microtubule depolymerization, and that these
processes are energy and temperature-dependent,
and sensitive to conditions that block protein trans-
port [12]. Only in the last few years has a plausible
mechanism for Golgi fragmentation been o¡ered.
Looking back now, it is easy to see why the problem
of Golgi fragmentation was ba¥ing. In the current
view, it is virtually impossible to ask how microtu-
bules contribute to Golgi structure without consider-
ing how microtubules mediate Golgi dynamics. To
understand both we must draw on what we have
learned in the intervening decade about microtu-
bule-based motor proteins and their interactions
with membrane organelles.
2. A motile Golgi complex traverses the microtubule
network
Prior to the identi¢cation of microtubule motor
proteins it was clear that the MTOC played a role
in positioning the Golgi complex, but the basis of the
interaction was unclear. Did the Golgi bind directly
to microtubules or to other material in the MTOC?
Was the interaction a static one, mediated by cyto-
plasmic linking proteins, or was it somehow more
dynamic? Studies aimed at determining the basis of
Golgi localization at ¢rst focused on determining
with which elements the Golgi associates. The cen-
trosome itself is not required, since in karyoplasts
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where the centrosome is surgically removed, a juxta-
nuclear MTOC is still formed, and the Golgi com-
plex is localized to this region [13]. Moreover, sepa-
ration of the MTOC from the centrioles occurs
naturally in certain specialized cell types such as my-
otubes. In these cells, the Golgi is found at the
MTOC, where the minus ends of microtubules are
located [3]. Finally, in fused cells treated with taxol,
microtubule bundles are generated which lack both
centrosomes and MTOC, yet Golgi membranes were
found at the ends of these bundles [14]. Collectively,
these data argued that the Golgi complex localizes to
the ends of microtubules.
It was an important milestone along the road to
our current view of the Golgi when it was discovered
that Golgi elements can move through the cell in a
microtubule-dependent fashion. This was demon-
strated by Kreis and coworkers, analyzing the recov-
ery of Vero cells from microtubule depolymerizing
agents. Using the vital dye C6-NBD-ceramide, they
followed the re-formation of an intact Golgi complex
in living cells, and showed that scattered Golgi ele-
ments move centripetally along linear microtubule
tracks [15]. Similar studies in a fused-cell system
showed that entire Golgi stacks can move along mi-
crotubules to congregate and coalesce at the cell cen-
ter [14]. This movement was shown to be independ-
ent of actin or intermediate ¢laments [14,15],
suggesting that is driven by a microtubule-motor
protein. In ¢broblasts, like those used in these stud-
ies, microtubules radiate out from the cell center with
their fast-growing or plus ends at the periphery and
their slow-growing, or minus ends at the cell center
[16]. Given the steady movement of Golgi elements
toward the cell center, the motor responsible would
have to be minus-end directed.
It is important here to point out that cells di¡er
signi¢cantly in their microtubule organization, and
that the association of the Golgi complex with micro-
tubules is also variable. Unlike the familiar radial
microtubule organization of ¢broblasts, in polarized
epithelial cells, microtubules are oriented in parallel
bundles along the long axis of the cell, with their
minus-ends at the apical side of the cell and their
plus ends facing the basal domain [9,17,18]. The Gol-
gi complex typically lies just apical to the nucleus,
well separated from the microtubule minus-ends
[17,19]. Whether this distribution is mediated by
the dominant activity of plus-end motor proteins is
unclear, and the question has been di⁄cult to study
under conditions where the overall architecture of
the epithelial cells is maintained. However, it is clear
that in these cells, Golgi localization is not deter-
mined solely by minus-end directed motor activity.
Even within the two extremes de¢ned by the text-
book ¢broblast and the textbook epithelial cell,
more subtle variations exist. As discussed below, as-
trocytes have a ¢broblast-like radial microtubule ar-
ray, but the Golgi is extended well out toward the
cell periphery [20]. Similarly, while the Golgi com-
plex is compact and supranuclear in many epithelial
cells, in the well-studied epithelial line MDCK, the
Golgi complex extends upwards from the nucleus to
the apical portion of the cell [18]. Though this review
will focus primarily on what has been learned in
¢broblasts, where minus-end motors dominate, it is
important to recall that in various cell types the bal-
ance of power between opposing motor proteins may
be quite di¡erent.
3. Microtubule motor proteins move the ¢eld forward
The movement of the Golgi complex toward the
minus ends of microtubules in ¢broblasts was com-
pared with the better-studied process of retrograde
axonal transport, and it was from studies on axo-
plasm that microtubule motor proteins were soon
identi¢ed. Kinesin was the ¢rst to be discovered,
and was shown to drive organelle movement toward
microtubule plus ends (anterograde transport in ax-
ons and transport toward the cell surface in ¢bro-
blasts) [21^23]. Soon after the discovery of kinesin a
minus-end directed motor, cytoplasmic dynein, was
identi¢ed in brain and C. elegans extracts [24,25].
Cytoplasmic dynein was found to be present in other
cell types as well, and shown to mediate the minus-
end-directed movement of mixed membrane organ-
elles in vitro [26].
Since the structure and motor function of kinesin
and cytoplasmic dynein have been extensively studied
and several good reviews are available [27^36], only
the basic features of these proteins will be described
here. Kinesin is a heterotetramer with two V116
kDa heavy chains and two light chains of approxi-
mately 70 kDa (Fig. 1). The kinesin heavy chains
BBAMCR 14327 5-8-98 Cyaan Magenta Geel Zwart
J.K. Burkhardt / Biochimica et Biophysica Acta 1404 (1998) 113^126 115
(KHC) can be divided into three domains: head,
stalk and tail. Each globular head contains a micro-
tubule binding site and an ATPase site, and serves as
the motor domain [37]. The stalk domain is an K-
helical coil^coil, and the C-terminal tail domain is
fan-shaped in electron micrographs [38]. The kinesin
light chains (KLCs) associate tightly with KHCs via
coil^coil interactions along the stalk and tail do-
mains, and they contribute to the fan shaped tail
[38]. Because of their location in the molecule, one
hypothetical role for KLCs is in binding to mem-
brane organelles, however KHC can bind mem-
branes on its own [39]. Since there exist multiple
KLC isoforms, the light chains are proposed to
play a regulatory role, a¡ecting organelle speci¢city,
motor activity or both [40^42].
Over the past several years, multiple kinesin-like
proteins (KLPs, also called kinesin superfamily mem-
bers, of KIFs) have been identi¢ed (reviewed in
[28,43,44]). These have homology to conventional ki-
nesin in the motor domain, and this motor domain
may be located at the N-terminus, as in conventional
kinesin, at the C-terminus, or centrally in the mole-
cule, £anked by unique sequences. Directional pref-
erences of the KLPs varies; some family members
such as ncd and Kar3 are minus-end directed motors.
Many KLPs are involved in aspects of mitosis and
meiosis; however, there is evidence that some KLPs
are involved in membrane organelle motility, and
that these proteins have distinct organelle speci¢cities
(reviewed in [44]). As discussed below, there is evi-
dence that conventional kinesin and at least one
KLP play a role in Golgi dynamics.
Cytoplasmic dynein is considerably larger and
more complex than kinesin. Like its axonemal homo-
log, cytoplasmic dynein is a multisubunit protein
complex, with total mass exceeding 1U106 Da. Sub-
units include two heavy chains (DHC) of V530
kDa, three intermediate chains (DIC) of approxi-
mately 74 kDa, several light-intermediate chains in
the 50^60 kDa range, and three light chains of 8^22
kDa. The overall structure of cytoplasmic dynein is
similar to that of kinesin, with two globular heads
connected by extended stalk domains to a single
globular tail. As with kinesin, the heavy chains
form the globular dynein heads, which contain the
ATP and microtubule binding sites responsible for
force production [45,46]. The globular tail domain
is thought to bind to membrane organelles. In keep-
ing with this view, the 74 kDa dynein intermediate
chains, which lie at the base of the molecule [47],
have been shown to interact directly with the
p150Glued subunit of the dynein cofactor, dynactin
[48,49]. A more detailed description of dynactin
and its role as part of a membrane anchor for cyto-
plasmic dynein is given below, and diagrammed in
Fig. 2. Recent research has resulted in the identi¢ca-
tion of multiple isoforms of several of the dynein
chains. The degree to which the di¡erent isoforms
can co-associate to form distinct enzymes is still un-
known, but the number of possible dynein motors is
quite large. Cytoplasmic dyneins play a role in spin-
dle organization and chromosome organization dur-
ing mitosis [50^56], and in motility of membrane
organelles in interphase cells [26,57^63]. At present,
relatively little is known about which dynein family
Fig. 1. Structure of conventional kinesin. The two heavy chains (blue) form a coiled-coil dimer, with the globular motor domains at
one end of the molecule, and sequences contributing to the fan-shaped tail at the other. The globular head is su⁄cient for force pro-
duction, and contains the regions responsible for microtubule binding (circles) and ATP hydrolysis (triangles). A hinge region partially
down the stalk allows the protein to fold back on itself. The two light chains (red) bind to the heavy chain through coiled-coil inter-
actions, and contribute to the fan-shaped tail of the molecule.
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members are responsible for speci¢c dynein-depend-
ent processes in the cell. As described below, how-
ever, it is clear that at least one form of cytoplasmic
dynein is critical for maintaining Golgi structure and
function.
4. Conventional kinesin and the Golgi complex
The evidence that kinesins interact with the Golgi
is mixed. Goud and coworkers have identi¢ed a new
KLP that apparently interacts with the Rab6. Rab-
kinesin has been localized to the Golgi apparatus and
its overexpression causes disorganization of the Gol-
gi. These ¢ndings are discussed in more detail in their
article in this volume. Apart from this newly identi-
¢ed KLP, the kinesin usually associated with Golgi
dynamics is conventional kinesin. Two studies using
subcellular fractionation of Golgi membranes fol-
lowed by immunoblotting with anti-conventional ki-
nesin antibodies have failed to detect kinesin [19,64],
while another showed that kinesin is enriched in Gol-
gi fractions [65]. One EM-immunolocalization study
showed that kinesin is present primarily on pre-Golgi
intermediates, components of the intermediate com-
partment that cycles between the ER and the Golgi
[66], while another showed that kinesin is preferen-
tially localized to the trans-Golgi network [67].
Functional data on the role of kinesin are also
mixed. There is evidence that conventional kinesin
is involved in transport from the Golgi complex to
the cell surface, at least in regulated secretory cells
[68] and polarized epithelial cells [61]. But the role of
kinesin in the dynamics of the Golgi itself is less
clear. One approach which has been used to test
the role of kinesin in vivo is transfection of cells
with a dominant negative mutant of kinesin. No ef-
fect on the Golgi complex in mouse ¢broblasts was
observed at the level of immuno£uorescence micros-
copy [69]; however, it should be pointed out that the
mutant used in this study binds to microtubules in
rigor, and might therefore tend to lock any a¡ected
organelles in place. Contrasting results were obtained
by Feiguin et al. [70], who used an antisense ap-
Fig. 2. Dynein and dynactin binding to membrane organelles. Cytoplasmic dynein (red and orange) has a structure similar to that of
kinesin, with globular heads that interact with microtubules and hydrolyze ATP. Cytoplasmic dynein is attached to the dynactin com-
plex via the intermediate chains, which bind to the p150Glued subunit of dynactin. The dynactin complex (shades of blue, green and
violet) is found in tight peripheral association with membranes. One proposed mechanism for dynactin-membrane attachment is via
binding of the Arp-1 actin-like ¢lament to the Golgi-spectrin lattice. Though the location of the dynamitin subunit of dynactin within
the complex has not been determined, it is depicted here as joining the arm formed by p150Glued to the Arp-1 ¢lament, since expres-
sion of dynamitin in super-stoichiometric amounts can separate these two portions of the dynactin complex, releasing dynein from its
cargo organelle.
BBAMCR 14327 5-8-98 Cyaan Magenta Geel Zwart
J.K. Burkhardt / Biochimica et Biophysica Acta 1404 (1998) 113^126 117
proach to test the e¡ects of drastically decreasing
kinesin levels. In cultured astrocytes, the Golgi com-
plex normally has an extended morphology, with
numerous elongated tubules, and the extension of
these tubular processes has been shown to be micro-
tubule dependent [20]. This structure is collapsed to-
ward the nucleus in cells expressing the kinesin anti-
sense DNA (Fig. 3) [70]. Thus, at least in these cells,
kinesin appears to play a role in determining Golgi
morphology and distribution.
In cells where the Golgi complex is less extended,
the comparatively subtle role of kinesin may be
masked by the overriding e¡ects of cytoplasmic dy-
nein unless Golgi dynamics are perturbed. Lippin-
cott-Schwartz et al. [66] tested the e¡ects of micro-
injecting function-blocking anti-kinesin antibody.
Under steady-state conditions, the antibody had no
e¡ect on Golgi morphology, nor on protein tra⁄c.
If, however, the injected cells were treated with Bre-
feldin A, the characteristic drug-induced redistribu-
tion of Golgi proteins to the ER was found to be
blocked. Tubule formation, a microtubule-dependent
early event in BFA-induced redistribution of Golgi
proteins to the ER, was inhibited by the microin-
jected antibody, indicating that kinesin is involved
in generating this plus-end directed tubule growth.
In the context of these studies, it should be noted
that expression of kinesin antisense by Feiguin et
al. [70] did not interfere with the redistribution of
Golgi markers to the ER upon treatment with
BFA. Whether this discrepancy is due to di¡erences
between cell types or to technical di¡erences is not
presently clear. Certainly, kinesin cannot be abso-
lutely required for redistribution of proteins from
the Golgi to the ER, since this redistribution occurs
in nocodazole treated cells, as discussed below.
Though the literature about kinesin on the Golgi
complex is somewhat confusing, it seems clear that,
at least in some cell types, kinesin does interact with
the Golgi complex. In ¢broblasts, kinesin is primarily
involved in either recycling of Golgi components to
the ER or in transport of Golgi-derived vesicles to
the cell surface, and in the extension of tubules that
precedes these processes. Thus, in these cells, kinesin
is important for maintaining tra⁄c through the Gol-
gi, whereas, as described below, cytoplasmic dynein
is the dominant determinant of Golgi structure and
positioning. In epithelial cells and other specialized
cell types, the roles of these proteins may di¡er, and
the balance of power between the opposing motors
may even be reversed. It is likely that kinesin/KLPs
play a coordinated role with dynein family members
to determine the characteristic balance of Golgi dy-
namics for each cell type.
5. One or more cytoplasmic dyneins mediate
centripetal movement of Golgi elements
Cytoplasmic dynein has the appropriate direction-
al preference to mediate juxtanuclear localization of
the Golgi complex in ¢broblasts. Corthesy Theulaz et
al. [71] tested the interaction of cytoplasmic dynein
with Golgi membranes using an in vitro binding as-
say. Semi-intact CHO cells prepared by osmotic
swelling were incubated with puri¢ed rat liver Golgi
membranes in the presence of a cytosolic extract and
ATP. The exogenous Golgi stacks were ‘captured’ by
the broken cells, and the bound Golgi complexes
were located near the centrosomes. Capture was
Fig. 3. The extended morphology of the Golgi complex in cul-
tured astrocytes is collapsed by treatment with kinesin antisense
oligonucleotides. One-week-old astrocyte cultures were cultured
for 24-48 h in the absence of oligonucleotide (A), in the pres-
ence of control sense oligonucleotide (B) or in the presence of
antisense oligonucleotide corresponding to nucleotides 311 to
+14 of the rat kinesin heavy chain sequence (C^F). Cells were
¢xed and the Golgi labeled with antibodies to mannosidase II.
Note the collapse of the Golgi toward the nucleus. U700. Fig-
ure is adapted from Feiguin et al. [70].
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found to be sensitive to drugs that inhibit dynein
activity, and to depletion of cytoplasmic dynein
from the cytosolic extract. While this study fell short
of demonstrating that dynein drives active movement
of Golgi membranes, it showed that cytoplasmic dy-
nein is indeed important for Golgi-microtubule inter-
actions.
Within the last 2 years, antibodies have been iden-
ti¢ed which interfere with dynein activity, making it
possible to test the role of cytoplasmic dynein in
living cells. 70.1, an antibody reactive with the 70
kDa intermediate chain of cytoplasmic dynein
(DIC) [72] disrupts dynein-dependent motility in vi-
tro [53]. When we injected this antibody into mam-
malian ¢broblasts, we found that it disrupted the
structure of the Golgi complex, leading to a nocoda-
zole-like phenotype [60] (Fig. 4). Together with the
studies on dynactin described below, these ¢ndings
demonstrate that cytoplasmic dynein mediates the
centripetal movement of Golgi elements in vivo. It
is important to point out that the antibody actively
induced Golgi fragmentation only a few hours after
microinjection. This result can only be explained if
ongoing dynein activity is needed to maintain an in-
tact Golgi complex, counterbalancing some opposing
activity(ies) which tend toward Golgi dispersal.
Moreover, since inhibition of dynein activity gave
the same phenotype as depolymerizing microtubules
altogether, our results argue that cytoplasmic dynein
is the dominant protein involved in maintaining Gol-
gi structure and positioning. While these results do
not rule out the accessory involvement of cytoplas-
mic linking proteins (CLIPs) in binding the Golgi to
microtubules in a static fashion, one can argue that if
such proteins exist, their activity is dominated by the
activity of cytoplasmic dynein.
Cytoplasmic dynein is a very large and complex
motor protein, and interpretation of its role in or-
ganelle motility has been complicated by the discov-
ery of multiple new isoforms of several of its compo-
nent subunits. At the present time, the reactivities of
many commonly used anti-dynein antibodies to dif-
ferent family members have not been determined,
nor has the ability of the various di¡erent dynein
subunits to associate with one another. These con-
straints, together with the di⁄culties inherent to in
vivo functional studies, have led to uncertainty about
which dynein family members are involved in speci¢c
cellular processes. For example, though we found
that the anti-DIC antibody 70.1 can disrupt Golgi
morphology, microinjection of an antibody reactive
with the most abundant isoform of cytoplasmic dy-
nein heavy chain, DHC-1, reportedly had no e¡ect
on the Golgi complex [63]. While this negative result
does not disprove that DHC-1 participates in Golgi
motility, the same antibody was capable of blocking
mitotic spindle formation, another dynein-dependent
Fig. 4. Microinjection of anti-dynein intermediate chain anti-
body disrupts the Golgi complex. Hela cells stably expressing
an epitope-tagged sialyltransferase to mark the Golgi were mi-
croinjected with anti-dynein intermediate chain together with
FITC-dextran to mark the injected cells (top). After 4 h at
37‡C, the cells were ¢xed and labeled with antibody reactive
with the sialyltransferase (bottom). Whereas in the neighboring
uninjected cell, the Golgi complex is compact and juxtanuclear,
in the injected cell, the Golgi is fragmented and dispersed
throughout the periphery. Figure is adapted from Burkhardt et
al. [60].
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process [56]. One possible explanation for this is that
another DHC isoform is involved. Vaisberg et al. [63]
have identi¢ed two new DHC family members,
DHC-2 and DHC-3, distantly related to cytoplasmic
(DHC-1) and axonemal dynein heavy chains, respec-
tively. Both are present in mammalian cells at levels
lower than DHC-1. An antibody speci¢c for DHC-2
reacted with the Golgi complex by immuno£uores-
cence microscopy, and when microinjected into cells,
this antibody perturbed Golgi structure in a fraction
of cells [63]. Despite this evidence that DHC-2 inter-
acts with the Golgi complex; however, it seems un-
likely that dyneins containing this heavy chain are
solely responsible for Golgi localization. DHC-2 is
a relatively rare dynein isoform, and the expression
of this RNA in some tissues is nearly undetectable.
Moreover, the Golgi compartment labeled by anti-
DHC-2 appears to be variable; the antigen co-local-
izes with the medial Golgi marker mannosidase II in
some cells, and with the intermediate compartment
marker ERGIC-53 in others [63,73]. Thus, it remains
likely that the more abundant DHC-1 is involved in
Golgi localization, perhaps in concert with DHC-2 in
some cell types. Another outstanding question is to
what degree the di¡erent dynein chains co-assemble.
If, for example, DHC-2 does prove to play a domi-
nant role in Golgi localization, our ¢nding that DIC
antibody 70.1 disrupts the Golgi complex may mean
that DHC-2 shares a common intermediate chain
with DHC-1. Alternatively, 70.1 may prove to cross-
react with multiple DIC isoforms. Similar issues are
on the horizon regarding the light and light inter-
mediate chains of cytoplasmic dynein, subunits
which may play an important role in regulating ac-
tivity of the motor complex. Clearly, analyzing the
roles of the dynein family members in mediating the
motility of Golgi membranes versus other organelles
will be an important area for investigation during the
next few years.
6. Attaching dynein to the Golgi complex: the role
of dynactin and the spectrin lattice
Although puri¢ed cytoplasmic dynein can mediate
the gliding of microtubules along a glass coverslip,
movement of membrane organelles requires cytoplas-
mic co-factors [74,75]. One of these, dynactin, has
been well characterized and shown to interact with
dynein both biochemically and genetically (reviewed
in [35,76,77]), and evidence from a variety of sources
indicates that it plays a role in binding cytoplasmic
dynein to cargo organelles. Dynactin is a large pro-
tein complex with a short actin-like ¢lament and an
arm capable of interacting with cytoplasmic dynein
and with microtubules [48,49,78,79]. The dynactin
¢lament is made up of several subunits of the ac-
tin-related protein Arp-1, capped at either end by
actin capping protein and a unique 62 kDa dynactin
subunit. The dynein- and microtubule- binding arm
of dynactin is composed of the protein p150Glued ,
which is homologous to the Drosophila Glued protein
[80]. In addition to these subunits, the dynactin com-
Fig. 5. Overexpression of the dynamitin subunit of dynactin
fragments the Golgi. Hela cells stably expressing an epitope-
tagged sialyltransferase were transiently transfected with dyna-
mitin. Twenty hours after the addition of the dynamitin DNA,
cells were ¢xed and labeled with anti-dynamitin (A) or antibody
reactive with the sialyltransferase (B). In the two dynamitin
overexpressing cells, the Golgi is fragmented and dispersed in a
fashion resembling the e¡ects of treatment with nocodazole or
microinjection with anti-DIC antibody. Figure is adapted from
Burkhardt, et al. [60].
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plex contains several subunits of a 50 kDa protein,
dynamitin, which plays a structural role within the
complex ([50], and see below).
Recently, two expression studies have shown that
dynactin function, like that of cytoplasmic dynein, is
required to maintain Golgi structure and localiza-
tion. These studies involved overexpression of two
di¡erent wild type dynactin subunits in ¢broblasts.
Distinct e¡ects on Golgi morphology were obtained,
shedding new light on the likely function of the sub-
units involved. In one of these studies, we overex-
pressed the dynamitin subunit of dynactin [60]. Pre-
viously, Echeverri et al. [50] had shown that
overexpression of dynamitin disrupts the dynactin
complex, separating the Arp-1 ¢lament from the dy-
nein-binding arm of p150Glued . Since this was shown
to result in the release of dynein from kinetochores,
we reasoned that it might also disrupt dynein-medi-
ated movement of other cargo organelles, including
the Golgi complex. This proved to be the case.
Though the overexpressed dynamitin remained
largely soluble and little perturbation of cytoskeletal
elements was observed, we found that the e¡ects on
membrane organelles were profound. The Golgi
complex was fragmented and dispersed throughout
the cytoplasm in a fashion closely resembling the
e¡ects of nocodazole treatment or microinjection
with anti-dynein intermediate chain antibody (Fig.
5). Our results show that ongoing dynactin activity,
like that of dynein itself, is essential for the mainte-
nance of Golgi structure and position.
In a parallel study, Holleran et al. [81] tested the
function of Arp-1, the dynactin subunit that com-
prises the actin-like ¢lament. Because the Arp-1 ¢la-
ment lies opposite to the dynein-binding end of the
dynactin complex, and because of the resemblance of
Arp-1 ¢laments to the short actin ¢laments that lie at
the vertices of the spectrin lattice at the plasma mem-
brane, the Arp-1 ¢lament has been proposed to play
a role in membrane anchoring [34,77]. When Arp-1
was overexpressed in ¢broblasts, numerous cytoplas-
mic Arp-1 ¢laments were formed in the transfected
cells, and Golgi membranes were found in associa-
tion with these ¢laments. This phenotype suggests
that rather than releasing the Golgi complex from
microtubules, overexpression of Arp-1 provides new
Golgi attachment sites within the cell. The results of
Holleran et al. are thus consistent with the view that
the Arp-1 ¢lament is involved in anchoring the dy-
nactin complex, and presumably also cytoplasmic
dynein, to the Golgi complex. As described by Nel-
son and Beck in this issue, a spectrin lattice has been
identi¢ed in association with the Golgi complex
[82,83], raising the possibility that dynactin is linked
to the Golgi via this lattice. Evidence that LI4* spec-
trin, the Golgi-associated spectrin form, partially co-
fractionates with the dynactin complex, and that
LI4* spectrin and Arp-1 ¢laments co-localize in
Arp-1 overexpressing cells [81] supports the idea
that dynactin associates via Arp-1 with the Golgi
spectrin matrix. This model for dynein/dynactin at-
tachment is diagrammed in Fig. 2.
Working in an epithelial cell system, where cyto-
plasmic dynein is proposed to mediate movement
from the Golgi complex to the cell surface, Fath
and co-workers have taken a biochemical approach
to test the mechanism by which the Golgi complex
binds to cytoplasmic dynein [84]. Their results sup-
port some, but not all, of the inferences drawn from
the overexpression studies above. They ¢nd that
while isolated Golgi stacks retain little bound cyto-
plasmic dynein, they do retain bound dynactin sub-
units, and that dynein can be recruited to the mem-
branes upon incubation with cytosol. Conditions
such as incubation with high salt, and even deter-
gent, leave behind a matrix containing signi¢cant
levels of dynactin subunits, and these extracted Golgi
membranes retain the ability to bind to cytoplasmic
dynein. In contrast, treatment of the membranes with
alkaline pH abolishes their ability to re-bind cyto-
plasmic dynein upon incubation with cytosol. The
alkaline pH removes signi¢cant levels of both
p150Glued and Arp-1 from the Golgi membranes
and though Arp-1 can re-bind e⁄ciently when the
stripped stacks are incubated with cytosol, p150Glued
cannot. These results support the prevailing model
for dynactin function, i.e. that the dynactin complex
partitions between the cytoplasm and membranes,
and functions as a dynein attachment factor. The
existence of cytosolic Arp-1 that is able to bind mem-
branes in the absence of p150Glued is rather surpris-
ing, since it is thought that most or all of the cyto-
plasmic dynactin subunits are present as 20S
particles. Nonetheless, at least under the conditions
tested, these results indicate that Arp-1 alone is in-
su⁄cient to recruit cytoplasmic dynein; p150Glued ,
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the subunit already shown to bind directly to DIC, is
also required. Probably these subunits are normally
recruited together as the intact 20S dynactin com-
plex.
Interestingly, Fath et al. found that Golgi mem-
branes extracted with cold 1% Triton X-100 could
still bind to cytoplasmic dynein in the same fashion
as before, indicating that the detergent-resistant Gol-
gi matrix retains the dynein ‘receptor’. Under these
conditions, dynein intermediate chain, Arp-1 and
p150Glued could all re-bind to the extracted stacks
upon incubation with cytosol, however, spectrin
and ankyrin were released from the Golgi mem-
branes [84]. This remarkable result suggests that in-
teraction of dynactin/dynein with the Golgi can oc-
cur independently of the spectrin/ankyrin matrix.
While this new evidence does not rule out a role
for the spectrin/ankyrin matrix in linking dynactin
and dynein to Golgi membranes, it raises questions
about whether this model is at least oversimpli¢ed.
Should we expect to ¢nd a spectrin-like lattice on all
organelles to which cytoplasmic dynein attaches? If
this lattice imparts structural rigidity, as proposed
for the plasma membrane lattice, how can this be
reconciled with the ¢nding, discussed below, that cy-
toplasmic dynein is usually found in association with
dynamic Golgi vesicles, and not with the stack? If
factors in addition to the spectrin lattice are in-
volved, what could they be, and to which subunits
of dynactin do they bind? Unraveling the full mech-
anism by which dynein and dynactin bind to the
Golgi will be another important area of investigation
in the next few years
7. Motor proteins and Golgi dynamics
Much of what we know about how the Golgi in-
teracts with motor proteins comes from arti¢cial sit-
uations with drug-treated cells, where intermediates
which might otherwise not exist are followed through
the cell. For example, small Golgi stacks formed by
treatment with nocodazole move to the cell center
using cytoplasmic dynein, and tubules induced by
treatment with Brefeldin A use kinesin to extend to-
ward the ER. But what are the intermediates that
normally interact with motor proteins, and how
does their steady state £ux add up to the familiar
juxtanuclear Golgi characteristic of most higher eu-
karyotic cells?
Most likely, it is not the Golgi stack that binds to
motor proteins, but the dynamic membranes at the
cis and trans faces of the stack. Evidence in support
of this view comes from both biochemical and mor-
phological analyses. Based upon Western blotting of
Golgi subfractions from epithelial cells, cytoplasmic
dynein is primarily present on vesicles enriched for
markers of the trans-Golgi network, rather on the
stack itself [19]. Moreover, isolated Golgi membranes
bind cytoplasmic dynein, but the majority of this
bound dynein is found in a vesicular fraction if the
Golgi membranes are incubated with cytosol under
conditions that permit budding from the TGN [84].
In keeping with this ¢nding, our own immunolocal-
ization studies in macrophages show that dynein and
dynactin labeling in the Golgi area is over cis- or
trans-tubulovesicular pro¢les rather than the Golgi
stack (A. Habermann, T. Schroer, G. Gri⁄ths and
J. Burkhardt, manuscript in preparation). Similarly,
kinesin has been found at steady state to be associ-
ated primarily with pre-Golgi structures or the TGN
[66,67].
Based on in vitro motility studies of isolated ER
and Golgi fractions, it appears that motor proteins
concentrate in specialized membrane domains [85],
and it has been proposed that these sites may ac-
tually play a role in de¢ning dynamic exit compart-
ments for these organelles. In the case of cytoplasmic
dynein in ¢broblasts, transport intermediates carry-
ing proteins from the ER are very important cargo
organelles. Formation of these intermediates occurs
at transitional elements, specialized ‘ER exit sites’.
Studies using green-£uorescent protein to trace the
movement of proteins from ER to Golgi have shown
that the transport intermediates are relatively large
structures or clusters of smaller ones [60,86,87] (see
QuickTime movie at http://www.elsevier.com/locate/
multimedia). Their inward movement is dependent
on microtubules and on the dynactin complex (and
by inference, on cytoplasmic dynein). If microtubules
are removed or dynactin function is blocked, Golgi
proteins can continue to recycle through the ER to
accumulate at ER exit sites. In the former case, this
apparently happens without help from kinesin, while
in the latter, we have evidence that kinesin may fa-
cilitate the process by extending long tubules out-
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ward from the Golgi. With net forward transport
blocked, the Golgi proteins accumulate, and short
Golgi stacks appear at the ER exit sites. This com-
plex model, ¢rst put forth by Cole et al., is currently
the best explanation for the dispersal of the Golgi
complex upon microtubule depolymerization ([7],
see also the article by Storrie and Yang in this issue).
According to this view, ‘fragmentation’ never ac-
tually occurs. Instead, the Golgi is systematically dis-
assembled in what Storrie and coworkers have
shown is a trans-¢rst fashion [88], and new Golgi
stacks are built up at the periphery as a result of
an interruption in motor-driven Golgi dynamics.
Although the Golgi does not need to be either
intact or juxtanuclear to carry out most of its func-
tions, the continued dynein-dependent movement of
pre-Golgi intermediates is required to maintain an
intact juxtanuclear Golgi complex. Once the inter-
mediates have arrived at the Golgi stack, be it juxta-
nuclear or dispersed, there is no evidence that motor
proteins are involved in movement through the stack,
or in maintaining the stacked structure. On the con-
trary, the formation of short peripheral stacks in the
presence of microtubule inhibitors indicates that the
ability to form a stacked morphology appears to be
an intrinsic ‘self-assembly’ property of ER-derived
membranes. Whether these stacks have an asymmet-
ric distribution of cisternal markers has not been
tested, but glycosylation of newly synthesized pro-
teins occurs with normal kinetics [6,7], so at least
by this criterion the Golgi has been correctly as-
sembled. The formation of Golgi stacks under con-
ditions where microtubule-based transport is blocked
resembles the reassembly that can occur in vitro
starting from mitotic cell extracts [89]. This in vitro
system should provide valuable insights as to how
such ordered structures are formed.
8. Looking forward to the next anniversary
One hundred years after the discovery of the Golgi
complex, we see it as one of the most dynamic of all
organelles, whose characteristic position in the cell is
maintained by constant motion and membrane £ux.
Indeed, we know now that the very structure of the
Golgi depends on a dynamic balance between oppos-
ing microtubule motor proteins. For the most part,
this view stems from data that has come to light
within the last decade. Though we have identi¢ed
kinesins and dyneins that interact with the Golgi,
and begun to assemble a coherent view of how these
proteins a¡ect Golgi dynamics at steady state, there
is still much to learn. In particular, in the coming
years we should expect to learn more about the
new kinesin and dynein family members, to better
understand how these motors attach to the appropri-
ate transport intermediates, how their activity is
regulated, and how they interact with actin-based
motors to coordinate organelle motility. One area
that is certain to be interesting is the question of
how motor activity is coordinated with the cycling
of coat proteins to generate appropriate forward and
backward membrane £ow. Only when we have a
better understanding of these issues will we have a
complete picture of the numerous ways that these
proteins work to control Golgi structure and func-
tion in response to changing cellular demands.
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